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Abstract: Limiting climate change below a 2 ◦C temperature increase this century will require
substantial reductions of greenhouse gas emissions and the transition to a climate-friendly, low carbon
society. In this paper, the economic impact of a less carbon-intensive economy on agricultural markets
is estimated by means of an integrated modelling framework. First, the macroeconomic impacts
of moving into a global low carbon economy are analysed by applying different carbon taxes in a
general equilibrium modelling framework. Second, the potential adoption of emission mitigation
technologies is quantified and used in the Aglink-Cosimo model to assess the impacts on agricultural
markets of emission mitigation scenarios compatible with the 2.0 ◦C target prescribed in the Paris
Agreement. Results for 2030 show reductions in global non-CO2 GHG emissions from agriculture
(i.e., methane and nitrous oxide) by 10, 16 and 19% in 50, 100 and 150 USD/t CO2eq global carbon
tax scenarios, respectively (Least Developed Countries excluded). Only between 0.6% and 1.3%
of the global reduction is caused by indirect macroeconomic effects, although at the regional level
they can cause up to 5.8% of the reduction in agricultural emissions. Results suggest that ambitious
mitigation targets can provoke significant negative impacts on agricultural production and underline
the importance of integrating GHG emission developments and impacts of related policies into
agricultural market projections.
Keywords: Paris Agreement; climate change mitigation; agricultural sector; market outlook; Aglink-Cosimo
1. Introduction
The 21st Conference of the Parties of the United Nations Framework Convention on Climate
Change (UNFCCC) in December 2015 resulted in the Paris Agreement, where parties agreed to take
action to limit global temperature rise this century to well below 2 ◦C above pre-industrial levels [1],
often referred as the “2 ◦C target”. Limiting climate change below 2 ◦C will require substantial
reductions of greenhouse gas (GHG) emissions and the transition to a climate-friendly, low carbon
economy. The European Commission’s report "Global Energy and Climate Outlook, Road from
Paris" [2], provides an initial estimate of potential emission reductions by sectors in the global economy
that are required to reach the 2 ◦C target. This estimation is done by comparing a business as usual
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reference scenario to a 2 ◦C target scenario for the world (Figure 1). The estimation indicates that the
GHG emissions reduction required by 2030 could be achieved by the power sector (contributing 39% to
the total mitigation effort), followed by “other energy” sectors (19%), industry (18%), agriculture (10%),
buildings (6%), transport (4%) and waste (4%). These results exclude emissions and sinks for the “Land
Use, Land Use Change and Forestry” sector (LULUCF). More precisely, global GHG emissions from the
agriculture sector (i.e., only accounting for the agricultural non-CO2 emissions methane and nitrous
oxide) are estimated to rise to 6.283 gigatonnes of carbon dioxide equivalents (GtCO2eq) by 2030 in the
reference scenario, whereas they decline to 4.996 Gt CO2eq in the 2 ◦C scenario. This represents a 20%
reduction in global agricultural sector emissions by 2030 [3].
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Other model simulations identify similar reduction targets for agricultural non-CO2 emissions
necessary to meet the objectives of the Paris Agreement. For example, the Integrated Model to Assess
the Global Environment (IMAGE), the Global Change Assessment Model (GCAM) and the Model
for Energy Supply Strategy Alternatives and their General Environmental Impact (MESSAGE) [4]
calculated the need of global agricultural non-CO2 emissions mitigation in the range of 11–18% by
2030 compared to the reference emissions (a reduction of 0.92–1.37 GtCO2eq per year). The estimations
in Kitous et l. [2] and Wollenberg et al. [4] are nly two ex mples showing that the agricultural sector
will be impacted both di ectly and indirec ly by a low arbon economy. On the one hand, several
studies poi t out that the agricultural sector has t directly contribute to emission reducti ns if the
global climate change goals are to be met. This contribution has to come through direct emission
reductions but also from increased land-use-based carbon dioxide removal [2,5–9], which will have a
direct impact on agricultural production [10–13]. On the other hand, the agricultural sector will also
be indirectly affected, as agricultural intermediate prices respond to the new economic environment.
Given these foreseeable challenges, there is a need to adjust existing modelling tools, and eventually
develop new ones, capable of analysing the economic impacts of a low carbon economy on agricultural
markets in det il.
A variety of agricultural economic models a e already equipped and utilized for the analysis of
climate change mitigation on the agricultural sector [11–13]. However, the Aglink-Cosimo model [14,15],
as one of the main partial equilibrium agro-economic models used to prepare medium-term agricultural
market outlooks [16,17], is not yet prepared with all necessary features to account for agricultural
emissions and respective mitigation efforts. Given that the agricultural projections produced annually
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by the OECD and FAO with the Aglink-Cosimo model establish the benchmark for many other
agricultural economic models, it is specifically important that Aglink-Cosimo is able to transmit
and measure the impact of a less carbon intensive economy on agricultural markets. Moreover,
Aglink-Cosimo has important features that make it particularly suitable for analysing impacts on the
agricultural sector of policies related to a movement towards a low carbon economy. For example,
the model has a global coverage of the main agricultural commodities produced, consumed and
traded, a detailed representation of domestic and trade-related agricultural policies, and accounts for
substitution effects between agricultural commodities through explicit domestic price transmission
equations [10,11]. Accordingly, enabling Aglink-Cosimo to transmit and measure the impact of a less
carbon-intensive economy on agricultural markets is a major contribution to the future analysis of
agricultural emission pathways and related impacts on agricultural market developments.
In this paper, the model adjustments necessary to enable Aglink-Cosimo to account for non-CO2
emissions and to reflect the impacts of a low carbon economy are briefly outlined. This updated model
is then used to simulate the economic impacts on agricultural markets of a global 2 ◦C target that is
compatible with the Paris Agreement. Since Aglink-Cosimo is a partial equilibrium model, this scenario
analysis requires first capturing the macro-economic impacts in a general equilibrium model framework
and transmitting these changes to the Aglink-Cosimo model. In a second step, the agricultural sector’s
possible contribution to reductions in GHG emissions is analysed by implementing scenarios with a
global GHG emission tax compatible with a 2 ◦C target. In addition, marginal abatement cost curves
(MACC) for the main agricultural methane and nitrous oxide emission sources are introduced to
capture the potential effects of technology development for mitigation (see methodological approach
in Frank et al. [18]). This highlights the importance of technological progress for achieving a certain
agro-environmental target, which is often neglected in the literature.
2. A Partial Equilibrium Modelling Framework
The Aglink-Cosimo model is a recursive-dynamic, partial equilibrium, multi-commodity market
model of world agriculture. The model was developed by the OECD and FAO secretariats, with the
double purpose of preparing medium-term (usually about 10 years) agricultural market outlooks [16,17],
and to provide an economic simulation model for the assessment of policies [19–21] and economic
changes related to the agricultural sector [22,23]. The model endogenously calculates the development
of annual supply, demand and prices for the main agricultural commodities produced, consumed and
traded worldwide. The present version of the model covers 82 individual countries and regions, 93
commodities and 40 world market clearing prices. Country and regional modules are developed and
maintained by the OECD and FAO Secretariats, with important input in terms of data and analysis
from country experts and national administrations. In a joint publication, the OECD and FAO provide
annually a global outlook for the development of agricultural markets and prices. A large amount
of expert knowledge is applied at various stages of the outlook process and Aglink-Cosimo is used
to facilitate the consistent integration of this information from a markets intelligence perspective.
Moreover, the outlook is built on the basis of specific assumptions on the short- and medium-term
development of key macro-economic indicators (such as GDP, exchange rates, population, inflation
and energy prices), which seem plausible at the moment of preparing the projections, given the
current global environment [14,15]. For this paper, the model version released by the OECD-FAO with
their 2017 agricultural market outlook was used. It includes market projections up to the year 2030
and a complete land allocation system introduced for 14 countries (Australia, Canada, Switzerland,
Japan, South Korea, Mexico, Norway, New Zealand, United States of America, European Union,
Argentina, Brazil, China and Russian Federation), taking into account double cropping systems in
China, Brazil [24] and the United States [16]. Taking this initial model version and its underlying
database, the following elements were added to analyse the impact of a less carbon intensive economy
on the agricultural sector: (1) an enhanced land allocation system, (2) diminishing food demand
elasticities with growing income, (3) increasing factor productivity and long run yield elasticities,
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(4) a module on GHG emission accounting (i.e., estimation of emission intensities per agricultural
production activity), and (5) incorporation of technological progress for emission abatement (i.e.,
decomposition of technological, production and structural emission reduction effects). These model
improvements are briefly outlined below.
First, a complete land allocation system was imposed for all single developing countries (Algeria,
Angola, Bangladesh, Burkina Faso, Cambodia, Cameroon, Chad, Chile, Colombia, Congo, Côte d’Ivoire,
Democratic Republic of the Congo, Egypt, Ethiopia, Gabon, Ghana, Haiti, India, Indonesia, Iran, Iraq, Israel,
Kazakhstan, Kenya, Lao People’s Democratic Republic, Lebanon, Libyan Arab Jamahiriya, Madagascar, Malawi,
Malaysia, Mali, Mauritania, Morocco, Mozambique, Myanmar, Nigeria, Pakistan, Paraguay, Peru, Philippines,
Rwanda, Saudi Arabia, Senegal, Somalia, South Africa, Sudan, Thailand, Tunisia, Turkey, Uganda, Ukraine,
United Republic of Tanzania, Uruguay, Viet Nam, Yemen, Zambia and Zimbabwe) and developing country
regions (Other Sub-Saharan Africa, Least Developed Countries (LDC), Subsaharan Africa, Other Asia
Developed, Other Asia, LDC Asia, Other Oceania, LDC Oceania, Other South America and Caribbean, Other
Middle East, Other Western Europe, and Other Eastern Europe) specified in the model, where initially
“pasture land” and “other crop land” (i.e. aggregate of the land used by all other crops not specifically
included in Aglink-Cosimo) were exogenous. Incorporating a full land allocation system in the
Aglink-Cosimo model is especially important in the context of emissions related to land use and
land use change (LULUC). For this purpose, a full matrix of supply elasticities for crop land was
estimated, specifically including pasture and other crop land, which, for example, allowed accounting
for ruminant production returns on land allocation. Even though CO2 emissions related to land use
changes are not yet considered in the emission accounting of the model, capturing changes in total land
use gives an indication of the effects that policy changes can have on GHG emission developments.
Second, adjustments to the income, own food and cross food demand elasticities were made in the
model for developing countries. In particular, these elasticities were transformed to become variables
(as opposed to constants), allowing them to decrease in value as wealth increases over time. This
adjustment, thus, enables the ability for developing countries to close income gaps with developed
economies (i.e., allows developing countries to move along the Engel curve).
Third, another important issue to consider in medium- to long-term analysis is factor productivity,
which is expected to increase over time. Therefore, a long-term crop yield response to movements in
agricultural commodity prices and input costs, as well as to the share of labour. was also introduced
into the model. This adjustment included: (i) the estimation of long-term elasticities responding to
historical long-term crop prices and cost signals [25], (ii) changes in the share of labour in the total cost
index, following changes in real GDP per capita [16], and (iii) a new input demand system, reflecting
that the move to a low carbon economy will likely affect the prices of fertilisers, chemicals and energy,
which in turn could lead to changes in the input mix.
Fourth, modelling the contribution of the agricultural sector to GHG emission reduction targets
involves calculating GHG emissions per agricultural production activity (i.e., emission intensities) and
allowing the model to react when GHG emission mitigation policies, such as carbon taxes, are imposed.
Therefore, the model was improved to account for the agricultural non-CO2 emissions methane and
nitrous oxide, which the UNFCCC attributes to the sector “agriculture”, differently than CO2 emissions
and removals (LULUCF sector) and CO2 emissions related to energy consumption at the farm and
the processing of agricultural inputs (other sectors). These were calculated following the IPCC [26]
guidelines at the tier 1 level and using FAOSTAT data for the emission factors [27–29]. GHG emissions
were then calculated in the model per country or region by multiplying the activity data (i.e., hectares
of land and heads of livestock) by the calculated emission factors. In order to perform different policy
scenarios, the non-CO2 emission inventories in Aglink-Cosimo were aggregated in CO2 equivalents.
The calculation of emission factors was based on historical emissions and production data from
FAOSTAT, but in order to allow for emission efficiency improvements reflecting the dynamics of
production systems, trend functions were estimated. These trend functions for emission intensities
were estimated within a robust Bayesian estimation framework that combined data from FAOSTAT on
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production quantities and emission inventories. The approach is further outlined in Jansson et al. [30],
Pérez Domínguez et al. [31,32], and Van Doorslaer et al. [33]. Regarding carbon taxes, the taxes on
emissions were introduced in the individual area harvested and livestock production equations, which
allowed the analysis of tax effects in terms of emission reductions and production impacts at the
individual country level. The carbon tax was introduced on a “per tonne of carbon-equivalent” basis
and was applied to each production activity in each region captured by the model, so that emission
intensity across activities and regions was taken into account.
Finally, technological (i.e., technical and management-based) mitigation options are incorporated
into the analysis in the (reduced) form of regional marginal abatement cost curves (MACC) for different
agricultural non-CO2 emissions. These MACC are estimated ex-post based on information from
Lucas et al. [34] and are depicted as the exponential function of the maximum potential degree of
abatement given a certain carbon tax (i.e., the maximum emission reduction level to be reached when
the cost of reducing the last tonne of emissions equals the price of the tax). With this it is possible to
further disaggregate the changes in emissions and production related to different carbon taxes into: (a)
production effects (i.e., reducing agricultural production), (b) structural effects (i.e., structural change in
the agricultural sector due to trade or shifts in consumption preferences for agricultural commodities)
and (c) technological effects (i.e., technological progress at the agricultural production level) [18].
3. Scenario Narratives and Design
This paper assesses the impact of a low carbon economy on the agricultural sector and focus
on the potential contribution of the agricultural sector to global GHG emission reduction targets by
means of global carbon tax scenarios. Currently, a large share of agricultural non-CO2 GHG emissions
stem from bovine meat and dairy production. In the past, GHG intensities from these livestock
production activities have been reduced due to the evolution from less to more intensive productions
systems, resulting in increases in commodity output per animal that are larger than the corresponding
increases in emissions per animal [28]. Similarly, agricultural yields have evolved towards more
intensive and resilient crop production systems. Taking these past trends into account, the option of
retiring land from agricultural production, creating potential carbon sinks, is one possible strategy to
reduce CO2 emissions. This could be combined with changes in consumer’s preferences towards diets
containing less animal protein [35]. A way to accomplish this strategy and to enforce the contribution
of the agricultural sector to GHG emission mitigation is to introduce a carbon tax per tonne of GHG
emissions. This would effectively target commodities with higher GHG intensities, which typically
would be ruminant meat and milk from less intensive livestock productions systems. The resulting
commodity price increase would give an incentive to consumers to change their consumption habits to
less emission intensive products (e.g., eating less beef).
Following this underlying narrative, three global carbon tax scenarios are tested against a
business-as-usual medium-term reference situation without a carbon tax (baseline). In the carbon tax
scenarios (Tax50, Tax100 and Tax150) the macroeconomic effects inherent in moving to a global low
carbon economy are specifically accounted for. Moreover, the potential incorporation over time of
new mitigation technologies linked to the carbon price scenarios are taken into account. In practice
three separate homogenous carbon price paths for all countries, with the exception of Least Developed
Countries (LDCs), are introduced, with carbon prices gradually increasing from 0 in 2020 to, respectively
50, 100 and 150 USD/t CO2eq in 2030. With this scenario setting the impact that emission mitigation
policies could have on agricultural production and consumer diets can also be highlighted. Mitigation
policies in LDCs are not simulated, such as to avoid potential negative effects on regional production,
aggravating food insecurity.
Given that Aglink-Cosimo is a partial equilibrium model, the total impact of a low carbon economy
cannot be directly evaluated. The majority of emission reductions will have to be made by other sectors
of the economy [2], and imposing a carbon tax on the global economy will induce macroeconomic
effects (e.g., changes in prices for crude oil, fertilisers and pesticides, as well as changes in real GDP)
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that in turn will impact the agricultural sector. As macroeconomic variables are exogenous in the
Aglink-Cosimo model, the macroeconomic impact of a low carbon economy has to be first captured and
quantified in a Computable General Equilibrium (CGE) model and then transmitted to the agricultural
economic model. For this, a set of carbon tax scenarios is simulated using the Modular Applied
GeNeral Equilibrium Tool (MAGNET) model and the GTAP database version 9 with base year 2011 [36].
MAGNET is a multi-regional, multi-sectoral, applied general equilibrium model based on neo-classical
microeconomic theory [37]. Two versions of this model were used for this paper. The first version was a
standard model using the dynamic steering system to compile a GHG emissions model and associated
databases. Adjustments were then made to this initial model so that the primary agricultural sector
was excluded from carbon taxes in a second model version, i.e., the carbon tax was removed from
equations modelling primary agricultural taxes within the model. The same baseline scenario was run
on both model versions projecting the GTAP database over four time periods (2011–2017, 2017–2020,
2020–2025, and 2025–2030). Carbon tax scenarios were then imposed as counterfactual simulations in
the years 2020, 2025 and 2030 in both models, where the respective nominal Aglink-Cosimo carbon
taxes were deflated to real 2011 USD. The resulting percentage changes in the price of energy (i.e.,
aggregated price change of crude oil, gas, coal), as well as changes in the price of chemicals (i.e., proxy
for mineral fertilisers and pesticides) were transmitted to the agricultural economic model. Since a
carbon tax on crude oil and pesticides cannot be directly imposed in Aglink-Cosimo, the energy and
pesticide price changes are taken from the first version of MAGNET (i.e., including carbon taxes on
all economic sectors). Conversely, a carbon tax is directly imposed in the Aglink-Cosimo model for
fertilisers by taking the price change from the second MAGNET model version (i.e., excluding carbon
taxes for primary agriculture). For a more detailed description of the MAGNET model and its use for
the scenario analysis presented in this paper, please see the Supplementary Materials.
In a similar manner, the implementation of a carbon tax in Aglink-Cosimo does not capture any
change in emission intensities per agricultural activity. Such a change will occur when cost-efficient
mitigation technologies and management practices get adopted, as long as the carbon price exceeds
their implementation costs. To capture this technological effect, the Common Agricultural Policy
Regional Impact Analysis (CAPRI) model is employed, which is a partial equilibrium, large-scale
economic, global multi-commodity, agricultural sector model [38]. The CAPRI model does not have
the same detailed global agricultural coverage as the Aglink-Cosimo model, but is able to calculate
global marginal abatement cost curves (MACC; [13]). Consequently, the three carbon tax scenarios are
implemented in the CAPRI model to identify the mitigation potentials through increased adoption
of technology by agricultural producers as carbon taxes change. The simulated emission mitigation
in CAPRI was then decomposed into production, structural and mitigation technology effects, and
the resulting changes in emission intensities were then transferred into the Aglink-Cosimo carbon tax
scenarios to get a complete picture of the effects of a low carbon economy on the global agricultural
sector. The methodological approach of the paper is illustrated in Figure 2.Sustainability 2019, 11, x 7 of 18 
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4. Scenario Analysis and Discussion
4.1. Baseline
Baseline results show an increase in global agricultural non-CO2 GHG emissions from 4.8 GtCO2eq
in 2016 to 5.4 GtCO2eq by 2030 (Figure 3, left panel). This is in line with the projected FAOSTAT estimate
of 5.8 Gt CO2eq in 2030 [29] but well below other model (MAGNET, IMAGE) baseline projections of
agricultural GHG emission [13]. In fact it is to be expected that the Aglink-Cosimo projected GHG
emissions are lower than the ones estimated by the FAO, since the model does not include emissions
from burning savannah and crop residues.
The projected increase in agricultural GHG emissions in the baseline is driven by increased
demand for agricultural commodities by a growing population. However, due to yield gains per
hectare of land and livestock head, global agricultural non-CO2 emissions per capita are declining over
time. Not surprisingly, commodities with the highest GHG intensities (kg CO2eq/kg commodity) are
cattle and sheep meat followed by chicken and pigmeat, whereas the lowest emission intensities are
found in cereals, which is in line with Tubiello et al. [27]. This points the finger at animal husbandry
as the main possible source of agricultural GHG mitigations. The Aglink-Cosimo baseline projects
that about 76% of agricultural GHG emissions stem from animal husbandry, with enteric fermentation
accounting for 50% of agricultural sector emissions. This falls in line with FAO estimates [29], which
find that roughly 70% of agricultural GHG emissions stem from livestock.
Over the baseline period, average global meat (i.e., beef, pork, poultry, and sheep) consumption
increases from 42.6 to 43.1 kg/capita/year in 2030, with notably poultry and sheep meat consumption
increasing, while pork consumption declines and beef consumption per capita remains nearly
unchanged. Even though the per capita consumption of bovine meat remains stable, an increasing
population means increasing total demand for bovine meat, leading to an expansion of the global
livestock inventories. The expected yield increases are not enough to meet the increased demand for
food and feed, leading to an expansion of the global utilised agricultural area by 28 million hectares in
2030 compared to the base year 2016.Sustainability 2019, 11, x 8 of 18 
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Figure 3. Global agricultural non-CO2 GHG emissions in the baseline and tax scenarios. Source: own
elaboration, Aglink-Cosimo model.
4.2. Macroeconomic Impacts on the Agricultural Sector
As shown in Figure 3, the introduction of carbon pricing reduces global agricultural non-CO2
GHG emissions by 2030 between 10% (−0.540 GtCO2eq) in Tax50 an 19% (−1.021 GtCO2eq) in Tax150.
Of these agr cultural emission reductions, the macroeconomic spill-over effect from the rest of the
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economy of imposing the equivalent carbon taxes accounts for between 0.6% (−0.003 GtCO2eq) in
Tax50 and 1.3% (−0.013 GtCO2eq) in Tax150. The largest macroeconomic impact stems from reductions
in GDP (i.e., lower global income), followed by changes in input prices. The largest impacts on real
GDP by 2030 occur in China (2.7%), India (2.6%) and Russia (2.5%) with a tax of 150 USD/t◦CO2eq. For
a carbon tax of 50 USD/t (Tax50), crude oil, fertiliser, and pesticide prices are expected to, respectively,
increase by 2.0–15%, 2.2–17% and 0.2–1.7% in the period 2020–2030. As the carbon tax increases to 150
USD/t CO2eq (Tax150), the price of crude oil, fertiliser, and pesticides are projected to increase by 43,
48, and 4.5%, respectively, in 2030. The increase of input prices for Tax100 are in corresponding ranges
between the price increases of Tax50 and Tax150.
The macroeconomic spill-over effects account for only as much as 1.3% of global agricultural
GHG emissions reduction, but at the country level contributions might vary significantly. For example,
in Canada, the United States and China, macroeconomic spill-over effects of a 150 USD/t CO2eq tax
account for 5.8, 4.6 and 3.3%, respectively, of total mitigation in their domestic agricultural sectors.
Other regions and countries with less intensive agricultural production (i.e., relying less on the input
use of fertiliser and fuel) are less affected by the macroeconomic changes induced by moving to a
global low carbon economy. For instance, the macroeconomic impacts in the three scenarios actually
lead to an increase in the agricultural emissions of countries like Argentina and Australia.
4.3. Decomposition of Mitigation and Production Impacts
The introduction of carbon taxes in the agricultural sector could reduce global agricultural
non-CO2 GHG emissions by 2030 between 10% in Tax50 (0.540 Gt CO2eq) and 19% in Tax150 (1.021
Gt CO2eq). These declines, particularly those observed in Tax150, are fairly consistent with other
studies aiming to estimate the efforts required to achieve the goal of the 2 ◦C scenario by 2030, such as
the 20% (1.07 Gt CO2eq) reduction of agricultural GHG emissions estimated by Kitous et al. [2] and
the 11–18% (0.92–1.37 GtCO2eq) identified by Wollenberg et al. [4]. Given our medium-term time
horizon of implementing a carbon tax (2020–2030), and the phasing in of taxes over this period, a larger
emission reduction is not likely. In other studies, typically with a longer time span, a 20-30% emission
reduction is feasible. Frank et al. [13] compare the mitigation potential of imposing a homogenous
carbon tax on the agricultural sector across four models, highlighting that the models already at a
carbon price of 100 USD/t CO2eq show a significant potential for emission reductions of 1.6 to 2.6 Gt
CO2eq/year by 2050, which is equivalent to a 20–35% reduction compared to the baseline (it should be
noted that this study assumes a 20 year longer time span (2030–2050) and the carbon tax is in real USD,
which in nominal prices would be equivalent to a tax of 200-250 USD in 2050, depending on the rate of
inflation, when implemented in Aglink-Cosimo, which uses nominal USD). In the simulation exercise
of Frank et al. [13], technical and structural changes account for 75–80% of agricultural emissions
reduction, however, this is over a longer time horizon (100 USD/t CO2eq in 2050). The remaining
mitigation of 20–25% is achieved through a reduction in domestic production. The decomposition
of our scenario results are in line with the findings of Frank et al. [13], with the major mitigation
contributions coming from technology and management options (74% by 2030 in Tax150). Structural
adjustments contribute 16% to overall mitigation, i.e., changes in trade and production mix (e.g.,
switching from ruminant to non-ruminant products), whereas production reductions only contribute
10%. In this decomposition exercise countries and world production of commodities were aggregated
into two categories—animal-based and crop-based production—using their relative dry matter content,
as well as aggregating their carbon emissions. This enabled us to capture structural changes due to
changes in yields and the dynamic effects of relative movement of production between sectors with
varying carbon emission intensities, within the aggregated sectors.
The mitigation development presented in Figure 4 shows that mitigation from applying new
technologies becomes more attractive as carbon prices increase. At low carbon prices, the cost-efficient
mitigation approach is through commodity trade or shifts in consumption preferences for agricultural
products, i.e., structural effects. Adoption of new technologies is often not attractive due to high
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implementation costs. However, as carbon taxes increase, technology application becomes more
attractive and cost-efficient. The underlying logic is that the introduction of a carbon tax increases
farmer’s incentives to adopt new mitigation technologies and management practices, as well as
increases consumer’s incentives to change their consumption habits. The mitigation measures will
be adopted as long as the carbon price exceeds the costs per tonne CO2eq saving of a mitigation
option. Accordingly, as the carbon price increases, the share of the technological mitigation effect
increases compared to the decreasing share of structural change mitigation effect (as shown in Figure 4).
However, Frank et al. [13] show that there are limits to the emission mitigation that can be achieved by
technology adoption and structural changes. Consequently, their mitigation share decreases the further
carbon prices rise beyond the tax level in our analysis, and mitigation has to be achieved by reduction
in agricultural production levels [13]. It has to be noted that the technology effect in our results is
based on the work by Lucas et al. [34] and calculated by the CAPRI model (www.capri-model.org),
which tends to have relatively small production effects (and hence higher technology and structural
effects) compared to other models at high carbon prices. This is mainly because CAPRI has a detailed
cross-price matrix, which allows for strong substitution between products (for example ruminant and
non-ruminant products), leading to a stabilisation of consumption, and hence, production.
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The decomposition of global mitigation mechanisms presented in Figure 4 is not always reflected
at the individual country level (Table 1). For the understanding of country level results it is important
to keep in mind that at the global level, trade falls under the structural effects. However, at the national
(country) level, part of the global trade effect becomes a national production effect. For instance, total
gricultural production in Brazil is decreasing, contributing to 26% of the total agricultural emissions
mitigation (m st of the adjustments in the beef sector). Th Europea Unio is characterized by a
relatively emission-effic ent agricultural sector (i.e., r latively low emissions p r kg of comm dity
produc d) compared to other countries. Ac ordin ly, the simulated carbon t xes increase the European
Union´s compe itiveness, which le ds to an increase in domestic produc ion, and hence ls to 2%
i r se in the elated emissions. LDCs are xempt from the simulated carbon tax in our scenarios.
Accordingly, their produ tion a d r lated emiss ons are expected to increase, w ile at the same time
they have no incentives t increase the adoption in mitigation technologie (Table 1).
Sustainability 2019, 11, 2349 10 of 17
Table 1. Decomposition of mitigation effects in 2030 for selected countries, Scenario Tax150.
%-Share of Mitigation from Changes in
Mitigation (Gigatonnes
of Carbon Dioxide
Equivalents)
Production
Levels
Technical
Options
Structural
Adjustments
Brazil 0.230 26 36 39
China 0.185 10 66 23
United States 0.069 3 72 25
Pakistan 0.054 15 77 8
European Union 0.053 −2 98 4
Indonesia 0.051 8 84 8
Least Developed Countries −0.035 76
Source: own elaboration, Aglink-Cosimo model. Note: a negative value implies an increase in emissions.
Looking closer at commodity and country level results, the impact of the carbon taxes are, not
surprisingly, most pronounced in the livestock sector. Over the baseline period, agricultural sector
emissions increase by 0.52 GtCO2eq, with the majority stemming from increased production of dairy
products and bovine and sheep meat production. The introduction of a carbon tax mainly reduces the
production of bovine meat and milk production (Figure 5, left panel), reducing total emissions by 0.50
GtCO2eq in Tax150 by 2030, which represents a total reduction of 1.02 GtCO2eq (Figure 5, right panel).
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Figure 5. Changes in agricultural non-CO2 GHG emissions by commodity (2030 compared to 2016, left
panel) and by region (scenarios compared to bas line in 2030, right panel). Source: own laboration,
Aglink-Cosimo mod l. Note: other (dec.) refers to “other countries with decreasi g emissions”, and
other (inc.) refers to “ ther countries with increasing emissions”.
The changes in domestic production are driven by the relative impact of the carbon tax, where
countries with relatively low GHG intensities (i.e., kg CO2eq/kg commodity) become more competitive
on the world market and global exports increase (cheese 6% and butter 8% in Tax 150 by 2030).
The carbon tax, however, also reallocates production between countries or regions. Notably, the
production of milk and bovine meat increases in the United States and the European Union (Figure 6).
At the same time, India increases its beef production and New Zealand sees its competitive dairy sector
benefiting. At the other end, Brazil, China and Argentina reduce their beef production and India,
Brazil, Pakistan have their milk production negatively affected.
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Figure 6. Changes in beef (left panel) and milk production (right panel) in 2030 compared to the
baseline. Source: own elaboration, Aglink-Cosimo model. Note: other (dec.) refers to “other countries
with decreasing emissions”, and other (inc.) refers to “other countries with increasing emissions”.
Global per capita consumption of bovine meat (−9%) butter (−3%) and fresh dairy products (−2%)
declines (Figure 7) as domestic consumer prices increase. In the United States, for example, consumers
reduce their average bovine meat consumption by 3%, consuming 2% more poultry and pork meat
instead. Nonetheless, US bovine meat production increases by 3%, as exports expand by 44%, driven
by the relatively more competitive production industry in the United States.
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Figure 7. Global per capita consumption of meat (left panel) and dairy (right panel) in 2030. Source:
own elaboration, Aglink-Cosimo model.
4.4. Impacts on Bovine Meat Production and Consumption Patterns
The impact of the carbon tax on production and consumption patterns is worth further examination,
as a change in consumer diets is seen as a possibility to reduce the carbon footprint of the agricultural
sector, speci lly if the diet favours eati g less bovine meat. Switching from ruminant to non-ruminant
meat consumption would reduce CO2eq emissio s by 85% per kilocalorie [39]. Such a movement in
consumer’s global preferences can be expected to have a large impact in countries where per capita
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consumption is high (e.g., the United States). In the baseline, 49% of the global bovine meat production
is consumed in the United States, China, Brazil and the European Union (Table 2). By 2030, per
capita consumption of bovine meat is projected to decline in these countries, with the exception of
China, where per capita consumption of meat increases from 5.7 to 7.1 kg, which is still well below the
projected consumption levels of the United States, Brazil and the European Union (35.8, 37.5, 14.5 kg
per capita/year, respectively).
Table 2. Bovine meat consumption, production, imports and exports, 2030 baseline.
Consumption Production Exports Imports
Relative share in global (%)
United States 16.2 15.6 11.3 14.9
China 12.7 11.4 0.3 8.7
Brazil 10.9 14.3 20.4 0.4
European Union 9.4 9.4 2.5 2.3
Australia 1.1 3.9 17.3 0.1
India 1.4 4.1 15.8 0.0
Vietnam 2.0 0.5 0.0 9.9
Total 53.8 59.1 67.7 36.3
Total global (1000 t)
World 78623 78747 13167 13032
Source: own elaboration, Aglink-Cosimo model.
The introduction of a 150 USD/t CO2eq carbon tax and the resulting commodity price increase
give an incentive to consumers to change their consumption habits to less emission-intensive products.
In the United States, the farm gate price of bovine meat is projected to increase by 32%, while the
consumer price increases by 10% (i.e., the initial farm gate price is roughly one-third of the consumer
price). This increase in consumer prices leads to a reduction of bovine meat consumption in the United
States by 3.2%, while pork and poultry meat consumption increases by 2.0%. In countries such as Brazil,
where the farm gate price constitutes a larger share of the wholesale consumer price, the price signals are
stronger and bovine meat consumption declines by 18%, with consumers switching their consumption
habits to poultry and pork meat. This means that price signals in highly developed countries are
weaker and changes in diets will perhaps have to come from changing preferences, for example
increasing demand for meat substitutes driven by vegetarians and flexitarians. The introduction of the
150 USD/t CO2eq carbon tax only reduces bovine meat consumption by 9% (Table 3), so that further
changes in diets could be required to meet the 2 ◦C scenarios of the Paris Agreement by 2050 (Figure 1).
Table 3. Bovine meat production in 2030.
Base Tax50 Tax100 Tax150
1000 t % change compared to base
Africa 7956 4 6 8
China 8939 −12 −22 −30
Asia 9813 −4 −1 2
Brazil 11,211 −15 −31 −42
Latin America 9961 −7 −9 −11
European Union 7410 2 3 3
Europa 2804 −4 −2 1
North America 13,768 1 2 3
Oceania 3641 −2 −4 −6
World 78,747 −4 −7 −9
Source: own elaboration, Aglink-Cosimo model. Note: Asia: excluding China; Europe: excluding the European
Union; Latin America: Middle and South America (excluding Brazil); North America: United States and Canada.
Sustainability 2019, 11, 2349 13 of 17
4.5. Impacts on Land Use
In the baseline, total utilised agricultural land (UAA) increases by 28 million hectares over the
projection period, which is an average yearly increase of 0.04% (Figure 8, left panel). This does not
consider any land use change from forestry and other land use into cropland or grassland, or the
associated GHG emissions from net forest conversion (in the model used, LULUCF-related CO2
emissions and sinks form agricultural production are not accounted for; however, the model projects
changes in land use, which already can give an indication on the related CO2 emissions). Nonetheless,
scenario results suggest that imposing a carbon tax (Tax150) actually increases global UAA by an
additional 30 million hectares, with pasture land expanding by 33 million hectares (i.e., 3 million ha of
cropland is converted to pasture land). The main bulk of this increased pasture land is found in Africa,
where bovine meat production increases by 8%.
Increasing UAA generally comprises CO2 emissions, whereas removing land from agricultural
production and converting it to perennial plants, such as trees, grass or shrubs, is generally regarded as a
positive contribution to climate change mitigation through carbon sequestration [40]. However, the net
effect of the global increase or decrease in UAA on CO2 emissions and removals is not straightforward.
For example, the reduction in UAA in the Tax150 scenario does not necessarily lead to a net decrease in
global LUC-related CO2 emissions, as soil carbon emissions and removals depend on many factors,
such as the management system and location [40–42]. Moreover, the decrease or increase in UAA
is not universal in the scenarios, and while many countries reduce their agricultural land in the
Tax150, the change in UAA in 2030 also comprises countries expanding their UAA, among others the
African countries, namely Angola and Nigeria (Figure 8, right panel). This is not surprising, since
these two countries are classified as LDCs, and therefore, are exempted from the simulated carbon
tax. This makes their domestic agricultural production more competitive, which leads to production
increases that also involve increasing UAA. Given the regional distribution of land moving in and out
of agricultural production, it is difficult to quantify how large the net contribution of the change in land
use to global GHG emissions mitigation is. Taking pasture land out of production in the outback of
Australia compared to pasture land in the European Union does not imply the same reduction of GHG
emissions per hectare (see the discussions and literature in Powlson et al. [40] and Oertel et al. [41]).
Further work needs to be done to account for LULUCF emissions and get a clearer picture of the
(potential) contribution of the agricultural, forestry and other land use sectors to GHG mitigation.
Sustainability 2019, 11, x 14 of 18 
 
3 million ha of cropland is converted to pa ture land). The main bulk of this increased pasture l nd is 
found in Africa, where bovine meat production increases by 8%.  
Increasing UAA generally comprises CO2 emissions, whereas removing land from agricultural 
production and converting it to perennial plants, such as trees, grass or shrubs, is generally regarded 
as a positive contribution to climate change mitigation through carbon sequestration [40]. However, 
the net effect of the global increase or decrease in UAA on CO2 emissions and removals is not 
straightforward. For example, the reduction in UAA in the Tax150 scenario does not necessarily lead 
to a net decrease in global LUC-related CO2 emissions, as soil carbon emissions and removals 
depe d on ma y factors, such as the management system and location [40–42]. Moreover, the 
decreas  or i cr ase in UAA is not universal in th  s enarios, and while many countries reduce their 
agricult ral land in th  Tax150, the change in UAA in 2030 also compris s countrie  expanding their 
UAA, among others the African countries, namely Angola and Nigeria (Figure 8, right panel). This is 
not surprising, since these two countries are classified as LDCs, and therefore, are exempted from 
the simulated carbon tax. This makes their domestic agricultural production more competitive, 
which leads to production increases that also involve increasing UAA. Given the regional 
distribution of land moving in and out of agricultural production, it is difficult to quantify how large 
the net contribution of the change in land use to global GHG emissions mitigation is. Taking pasture 
land out of production in the outback of Australia compared to pasture land in the European Union 
does not imply the same reduction of GHG emissions per hectare (see the discussions and literature 
in Po lson et al. [40] and Oert l et l. [41]). Further work needs to be do e to account for LULUCF 
emissions and get a clearer picture of the (potential) contribution of th  agricultural, forestry and 
other land use sectors to GHG mitigation. 
 
Figure 8. Development in global utilised agricultural area 2016–2030 (left panel) and its regional 
change in the scenarios compared to the baseline in 2030 (right panel). Source: own elaboration, 
Aglink-Cosimo model. 
5. Conclusions 
Limiting climate change to ensure global temperature increases remain 2 °C below 
pre-industrial levels by the end of the century requires substantial reductions of GHG emissions and 
the transition to a climate-friendly, low carbon economy. A transition to a lower carbon intensive 
economy has large implications from both regional and global perspectives. Moreover, it needs to 
consider not only the environmental dimension but also the economic and societal ones. Policies 
aiming at a decarbonized economy can have important collateral effects in terms of people's 
discontentment, as, for example, recent movements in France have shown [43,44]. Furthermore, the 
-20
-10
0
10
20
30
40
Tax50 Tax100 Tax150
C
h
an
ge
 in
 a
gr
ic
u
lt
u
ra
l a
re
a 
M
io
. h
a
Africa Asia
Europe South America
North America Oceania
4900
4920
4940
4960
4980
5000
5020
5040
A
gr
ic
u
lt
u
ra
l a
re
a,
 M
io
. h
a
Baseline Tax50
Tax100 Tax150
Figure 8. Development in global utilised agricultural area 2016–2030 (left panel) and its regional
change in the scenarios compared to the baseline in 2030 (right panel). Source: own elaboration,
Aglink-Cosimo model.
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5. Conclusions
Limiting climate change to ensure global temperature increases remain 2 ◦C below pre-industrial
levels by the end of the century requires substantial reductions of GHG emissions and the transition
to a climate-friendly, low carbon economy. A transition to a lower carbon intensive economy has
large implications from both regional and global perspectives. Moreover, it needs to consider not
only the environmental dimension but also the economic and societal ones. Policies aiming at a
decarbonized economy can have important collateral effects in terms of people’s discontentment, as, for
example, recent movements in France have shown [43,44]. Furthermore, the increase of prices linked to
discretionary climate change mitigation policies can have negative effects on poor economies, and could
increase food insecurity [12] and migration flows [45]. These elements highlight how the necessary
transition to a low carbon economy must be carefully designed. Accordingly, the implementation
of GHG mitigation policies in a specific sector needs to be “fair” in the sense of not only taking into
account the long-term benefits (i.e., the GHG mitigation goal and limiting climate change) but also
short and medium-term costs (transition), and it should be global, such as to minimise emission leakage
and effectively reduce GHG emissions [46].
Using the Paris Agreement as a framework for limiting global temperature rises, in this paper an
empirical study is performed on how policies aiming at a global lower carbon intensive economy could
be transmitted into agricultural markets. For the analysis, an updated version of the Aglink-Cosimo
model is employed to simulate three carbon tax scenarios, specifically accounting for the macroeconomic
and technological effects inherent in moving to a global low carbon economy (captured with the
MAGNET and CAPRI models). Within this scenario design, homogenous taxes on agricultural
non-CO2 emissions (i.e., methane and nitrous oxide) are implemented globally, with the exception of
least developed countries, and increased progressively to 50 USD per tonne of CO2eq, 100 USD/t CO2eq,
and 150 USD/t CO2eq, respectively, by 2030. Simulation results show that global GHG emissions from
the primary agricultural sector are reduced by between 10% and 19% in 2030 compared to the baseline.
The analysis indicates that for the net mitigation of global agricultural GHG emissions, it
specifically matters where (i.e., in which country or region) production is affected by climate change
mitigation policies. Larger (lower) effects are expected in countries (and commodities) with relatively
high (low) emissions per production unit. The results highlight the importance of GHG emission
reduction policies on agricultural markets over a medium-term time horizon, as the sector is affected by
both direct (i.e., through emission abatement commitments within the agricultural sector) and indirect
(i.e., through changes in prices for fossil fuel intensive goods and macroeconomic variables) mitigation
policies. For instance, it is shown how emission reductions compatible with the Paris Agreement can
have significant effects on agricultural production, especially when looking at the regional impacts.
These results also underline the importance of taking climate-change-related policies into account
when producing agricultural market outlooks. In this respect, enabling Aglink-Cosimo to account
for agricultural emissions and respective mitigation efforts is an essential development, especially
considering that the model is used by the OECD and FAO to produce agricultural market projections
that establish the benchmark for many other agricultural economic models. However, for future
research the Aglink-Cosimo model needs to be further developed, for example to include the adoption
of new GHG emission abatement technologies and the contribution of structural change within farming.
Moreover, the model should be modified to account for CO2 emissions and removals related to land
use and land use changes, to get a broader picture of the possible contribution (and resulting impacts)
of the agricultural sector to a global low carbon economy. These aspects are important for the future
assessment of both the full potential of the agricultural sector to contribute to achieving the goal of the
Paris Agreement, as well as the related impacts to agricultural market developments and potential
effects on food security.
Our results show that the technological development induced by the carbon tax can substantially
help mitigate GHG emissions, and hence the need to reduce agricultural production levels globally.
Technological development is especially important in some developing countries that would be
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relatively more affected by global carbon taxes, as they are usually characterised by higher emission
intensities (kg CO2eq/kg commodity) and are less competitive on the global agricultural commodity
markets. This points towards the importance of both (i) technology change and transfer, to reduce
emission intensities especially in developing countries (i.e., need to modernize agricultural production
systems), and (ii) more sophisticated and differentiated policy approaches for the agricultural sector, to
achieve a significant contribution towards the move to a global low carbon economy.
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